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ABSTRACT
DIFFUSE REFLECTANCE SPECTROSCOPY FOR THE EVALUATION
OF MID-PALATAL SUTURE MATURATION AFTER EXPANSION

Binhuan Yuan
Marquette University, 2021

Diffuse reflectance spectroscopy (DRS) is a technique for characterizing the
optical properties of biological tissues and has been extensively studied for diagnosis and
therapeutic monitoring of various diseases. This thesis investigates the potential use of
DRS for the evaluation of mid-palatal suture maturation after expansion. The most
common evaluation technique for palatal expansion is Computed Tomography (CT). The
major issue with CT is that during serial radiological scanning, patients are repeatedly
exposed to ionizing radiation. DRS is a non-invasive, non-ionizing method which can be
used to quantify the tissue optical properties in the visible wavelength in vivo. This study
demonstrates that a fiber-optic-based DRS system could be used to quantify the total
hemoglobin content and scattering coefficient in the simulated dental tissue, showing its
potential to be used to represent the maturation of mid-palatal suture.
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Chapter 1 INTRODUCTION

Rapid Palatal Expansion (RPE) is a conventional orthodontic treatment to correct
dental malocclusion such as posterior crossbite and dental crowding. The overall goal of
RPE is to expand the maxilla by separating the mid-palatal suture and other
circummaxillary-sutures. Oral radiographs and computed tomography (CT) are the most
used methods to examine the palatal expansion, but both methods use harmful X-rays.
Among them, CT exposes patients to high dose ionizing radiation. A large proportion of
patients receiving RPE treatment are teenagers, and the ionizing radiation from these
measurements may cause long-term harms to these young patients.
Diffuse Reflectance Spectroscopy (DRS) is a non-invasive technique widely used
in therapeutic and diagnostic applications in the biomedical field. DRS system has the
potential to replace oral radiographs and CT technology for detection of mid-palatal
suture maturation. In the process of RPE, blood gradually accumulates in the suture gap.
During the ossification of mid-palatal suture after RPE, a large number of islands shape
acellular tissue and inconsistent calcified tissue will be generated in the sutural gap.
Changes in the blood content and bone density, and thus the maturation of the mid-palatal
suture can be quantified by measuring the optical parameters using DRS.
The main objective of this research is to investigate the potential of using DRS as
a non-invasive and cost-effective tool to evaluate the palatal suture maturation after RPE.
In this study, a physical model was designed to simulate mid-palatal suture after
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expansion, and the optical parameters of the model were measured using a fiber optic
DRS probe.
In Chapter 2 introduces the history of RPE, and the current methods to assess
mid-palatal suture maturation as well as their pros and cons. The phenomenon of blood
enrichment and growth of new bones after RPE, which lead to the possibility of using
DRS to assess mid-palatal suture maturation, are also included in Chapter 2. Chapter 3
describes the principle of DRS, related mathematical models to simulate light-tissue
interaction, and its applications in characterization of biological tissues. In Chapter 4, a
physical model of the RPE process of human maxilla is introduced and experiments are
conducted to demonstrate that DRS has the potential to evaluate mid-palatal suture
maturation. Major limitations of the current study are discussed and directions for future
studies are proposed in Chapter 5.
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Chapter 2 RAPID PALATAL EXPANSION

2.1 Mid-Palatal Suture
The palate is the roof of the mouth in humans and other mammals. It separates the
oral cavity from the nasal cavity. The mid-palatal suture is a potential fissure in the
middle of the palate, which is connected with connective tissue without complete osseous
union. The mid-palatal suture is not a regular dividing line, but the left and right
maxillary processes extend to each other interdigitated, forming an irregular line of
mutual chimerism. During expansion, the potential cracks gradually expand, the number
of blood vessels in the connective tissue increases, the blood supply becomes more
abundant, and the number of fibroblasts increases.

2.2 The Background of Rapid Palatal Expansion
Rapid Palatal Expansion (RPE), as an orthodontic treatment, is commonly used in
the correction of posterior crossbite and maxillary narrowness [1]. Normal occlusion
means that the teeth of the upper jaw occlude with their opponents on the lower jaw.
When the mandible is closed, the upper posterior teeth or molars are inwards of the lower
molars, which is often called posterior crossbite. New South Wales Government defines
the term overjet as a horizontal distance between the upper and lower front teeth. Large
overjet describes a condition where the horizontal separation is greater than 2
millimeters. The skeletal or dental structure may cause maxillary transverse deficiency.
RPE is a commonly used non-surgical maxillary expansion technique [2]. Expanding the
dental arch’s width can correct the maxillary width deficiency and posterior crossbite [3].
In recent years, orthodontics focuses more on smile aesthetics, emphasizing the
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transverse dimension of the dental arch and minimizing the buccal corridor’s visibility
[1,4]. Many patients presented with dentofacial deformation or cleft lip and palate with
restricted maxillary segments [5]. These patients have become potential therapeutic users
of RPE.
Dr. Emerson C. Angell first reported the use of RPE in orthodontics in 1860.
Many practitioners tried and improved RPE from different views in the early stage [49].
Over a century after the first RPE publication, Hass demonstrated that RPE is effective in
the treatment of maxillary or nasal insufficiency through successful animal experiments
and subsequent human trials [3].
In the current orthodontic treatment of palatal expansion, there are many different
methods for doctors and patients to choose which include tooth-borne expanders, boneborne maxillary expansion devices, and surgically assisted rapid palatal expansion
(SARPE) [1,5,6,7]. Selection of treatment options depends on many treatment
limitations.
For patients with transverse discrepancy, the earlier intervention can achieve a
better treatment effect, especially if the treatment time is set before the peak skeletal
growth [8]. However, there are significant differences in skeletal maturation among
individuals, and there is no obvious correlation with age and gender [7]. In the actual
orthodontic process, how to accurately determine the maturation of palatal suture has
become a very important part of the treatment, which by far is largely relying on the
clinical experience of orthodontists. If the RPE is misdiagnosed to be complete, an ideal
expansion treatment cannot be maintained, leading to unstable results and relapse [8].
The main side effects of RPE included but not limited to acute pain, gingival recession,
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dehiscence formation, palatal mucosa necrosis, buccal dentoalveolar tipping and poor
long-term expansion stability [7,8].
According to the structure and degree of maxillary suture fusion, different
techniques, such as invasive biopsy, CT, have been put forward to assess suture
maturation. Among them, biopsy is invasive and thus causes a certain degree of trauma
and pain to patients. CT can achieve excellent detection efficiency, but patients are
exposed to harmful radiation which limits its use in evaluating the structure and degree of
maxillary suture fusion. In particular, because most of the patients receiving RPE are
teenagers, the use of CT may have long-term harmful impact on these young patients.

2.3 Current Methods to Assess Mid-Palatal Suture Maturation
2.3.1 Animal and Human Histologic Studies
In the early experimental studies, scientists investigated the postnatal
development of the hard palate in adolescents and fusion of palatal suture after surgical
treatment through histologic studies of humans and animals. Most of these studies used
conventional histologic and micro-radiographic methods on autopsy materials [10, 11].
Melsen B., et al. indicated that, through the analysis of histologic autopsy, the growth of
hard palate length continued to 13 to 15 years old, and the shape of transverse suture
changed during postnatal development [10]. Persson M. showed that mechanical force
during bone growth alters the remodeling of sutured joints, but with advancing age, the
sutures are covered with calcified tissue and synovium [11]. By understanding the
differences of mid-palatal suture in different individuals and the possible expansion
fusion situation of adolescent patients prior to surgery, a dentist can effectively achieve
orthodontic treatment without invasive surgical assistance.
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Histologic studies can effectively avoid the difficulty in judging the degree of
palatal suture fusion in vivo and provide a standard reference for evaluating expansion
maturation in orthodontic diagnosis and treatment. However, such implementation
requires obtaining biopsy samples from the patient and continuous occlusal radiology
also causes image overlap [7], leading to inaccurate diagnosis.
2.3.2 Computed tomography
CT is a widely used clinical imaging technique. It uses accurately collimated Xray beams, gamma rays, and high-sensitivity detectors to make cross-sectional scanning
around a part of the human body, and finally get the internal structure image of the target.
Because of its strong penetrability, CT can easily detect changes of maxilla bone after
RPE treatment. Franchi L., et al. evaluated the bone formation of the mid-palatal suture in
17 patients before rapid maximal expansion (T0), after active expansion (T1), and six
months after convalescence (T3), and compared the images at different periods [12]. All
subjects were aged from 8 to 14 years old, and with malocclusions such as maxillary arch
stenosis or unilateral or bilateral posterior crossbite.
After RPE, the healing of mid-palatal suture can be predicted by a variety of
morphological parameters, including obliteration index, outcome length, linear vertical
distance, and bone density in the sagittal plane [13]. In a low-dose CT study, multi-slice
CT scans were taken at T0, T1 and T2. The images were used to calculate the density
values and the Mann-Whitney U test was used to compare the density between sutural
region of interests (ROIs) and the bony ROIs. It was found that RPE successfully opened
the palatal suture [12].
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Although CT technology can intuitively detect and evaluate the maturation of
mid-palatal suture, it has several limitations. During serial radiological scans, patients are
exposed to radiation multiple times, which can cause irreversible damage to tissue or
organs. A considerable number of patients treated with RPE are adolescents, and the
effect of radiation on brain development should be seriously considered.
2.3.3 Ultrasonography (USG)
Medical ultrasound is also widely used for imaging internal body structures, such
as joints and blood vessels. Ultrasonography transmits ultrasonic signal pulses to
biological tissue through an ultrasound probe, detects the echo of signal pulses, and
utilizes the different reflection characteristics of the tissue to form images. Maffulli N., et
al. have shown that USG can be used to evaluate dispersion osteogenesis wounds in long
bones with high stability and test precision [14]. Compared to CT, ultrasonography can
achieve real-time image generation and does not require patients to be repeatedly exposed
to high dose ionizing radiation, and thus is safer. However, the ultrasonography images
are relatively fuzzy and are not easy to distinguish the fusion of mid-palatal suture. USG
is mainly for subjective visual inspection and there is no quantitative measurement
information for the time being [9].

2.4 Physiological and morphological changes after rapid palatal expansion
The main function of RPE is to increase the upper arch transverse dimensions.
The increase of mid-palatal suture separation with force is accompanied by an influx of
blood, which is then followed by new bone formation. During the ossification of midpalatal suture, a large number of islands-shape acellular tissue and inconsistent calcified
tissue are generated in the middle of the sutural gap, and bone spicules are generated at
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the suture margins. The generation of bone spicules and tissue is random, and the overall
distribution is uneven. With the increase of the number of bone spicules, some areas are
separated by connective tissues, and the content of enriched blood decreases, resulting in
the formation of woven bone [45].
Alberto C., et al. [56] aimed to investigate immediate histologic changes in midpalatal suture after RPE and collected the biopsy samples at 7 and 30 days after RPE. In
the 7-days samples, histomorphometry showed that there were 14% newly formed bone
in the mid-palatal suture, and the rest included soft tissue and blood clot (caused by the
trauma of maxillary expansion). Newly formed trabeculae were surrounded by osteoid
matrix and grew in parallel. Within the suture, several blood clots and large blood vessels
were observed. In the 30-days samples, histomorphometry showed 43% newly formed
bone and 57% soft tissue and small blood vessels. The reported case showed that within
the expansion of mid-palatal suture, the total blood volume in the suture region increased
in the early stage. During bone growth, the total blood volume decreased.
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Chapter 3 DIFFUSE REFLECTANCE SPECTROSCOPY

3.1 Background
In recent years, optical methods are playing an increasingly important role in the
diagnosis and treatment of various diseases. In particular, diffuse reflectance
spectroscopy (DRS) has been extensively studied in many organ sites, such as breast,
esophagus, bronchus, brain, pancreas, GI tract, and cervix to characterize pre-cancers and
cancers [15-24]. The working principle of DRS is to illuminate the surface of a biological
tissue or other turbid medium with broadband light, mostly through an optical fibers or
fiber bundle, and the photons diffusely propagate in the tissue experiencing multiple
scattering and absorption events. Photons re-emitted from the same surface, called diffuse
reflectance, are collected by a detection fiber or fiber bundle, and converted to a spectrum
in a spectrometer. The intensity of the reflectance spectrum depends on the light
scattering and absorption properties of the tissue sample [25]. By analyzing the diffuse
reflectance spectrum, the tissue optical properties, such as absorption coefficient (µa(λ))
and reduced scattering coefficient (µs'(λ)) can be accurately extracted. Tissue scattering
is caused by local reflection index mismatch in biological tissues and mainly determined
by the size, density, and refractive index of particles (called scattering centers). For
example, the difference between the reflection index of cytoplasm and organelles, such as
cell membrane, nuclei, mitochondria, etc., results in change of light transmission
direction [46]. In the visible spectrum, hemoglobin is the dominant light absorber. The
absorption spectrum of oxy- and deoxyhemoglobin are different, thus analysis of the
absorption spectrum of biological tissue, using Beer-Lambert Law of light absorption,
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can be used to determine the hemoglobin concentrations and blood oxygen saturation
(SO2) [26].

3.2 Mathematical Models for Light Tissue Interaction
Light can pass through the surface of biological tissue and interact with tissue
components, thus generating light reflection and transmission. The design and application
of bio-photonic devices heavily rely on analytical mathematical or numerical models to
simulate light propagation in turbid biological tissue and to characterize its optical
properties. Mathematical models commonly used in DRS system are discussed below.
3.2.1 Light-tissue interaction
The propagation of light in biological tissue depends on the optical characteristics
of the tissue and light wavelength. Interaction of light with tissue leads to light
attenuation due to absorption and scattering. After the light is absorbed in biological
tissues, the molecule that absorbs photon energy changes from the ground state to the
excited state. The absorbed energy can trigger some chemical reactions, or a portion of
the absorbed energy can be re-emitted as light. Hemoglobin, oxy-hemoglobin, betacarotene, melanin, and bilirubin are the absorbers of visible radiation. The primary
absorber in biological tissues is hemoglobin [50].
Light interaction with a turbid medium, such as biological tissue, through
scattering can result in change of the direction of light propagation. In general, the
wavelength of light does not change during a scattering process (except for Raman
scattering). Light scattering is dependent on the scatter size and distribution, incident
wavelength, and refractive index of the scatterer [47]. When the size of the scatterer is
much smaller than the wavelength of light, Rayleigh scattering dominates and is often
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used to calculate scattering coefficient. When the size of the scatterer is close to or larger
than the wavelength of the light, Mie theory is used to calculate the scattering coefficient.
Dominant scatters in tissue are relatively large in size, such as cell membrane, nuclei,
collagen fibers, and mitochondria. In Mie scattering, visible light is scattered more in the
direction of propagation (i.e., forward scattering) than in any other direction. Mie
scattering is best suited for simulating the scattering in the visible light band of 430630nm.
3.2.2 Monte Carlo Forward model
The propagation of light in biological tissue depends on the microstructure and
physiological properties of tissue. The transportation equation of light in biological
tissues (turbid media) can be described by Boltzmann equation [51], Eq. 1.






 





s.L(r,s) + t (r ) L(r,s) = s  p(s,s')L(r,s')dw '+ S (r,s')
4

(1)

Where, L is the radiance at location r within the tissue,  t is the total attenuation
coefficient, t = a +  s (  a and  s are absorption coefficient and scattering coefficient,
respectively), p is the phase function and S is the source term.
Diffusion theory (DT) is a fast and convenient analytical model of light transport.
It is an approximate solution of the transport equation which yields the relationship
between the optical properties and light fluence. The approximate validity of DT needs to
ensure that the distance between the boundary of turbid medium and the light source is
much larger than mean free path (1/  t ), and photons need to be scattered many times
before being absorbed. Therefore, DT model cannot solve the boundary problem in layer
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tissue, and DT model is also not applicable when the absorption is far stronger than
scattering [51]. In such situations, a numerical model, the Monte Carlo model is often
used to simulate the light propagation in turbid medium.
The Monte Carlo model is based on the theory that photons undergo a random
trajectory in tissue, and the step size and direction of scattering can be determined by
stochastic sampling of probability distributions [27]. In general Monte Carlo simulation,
photons come in from the edge of biological tissue and randomly determine its initial
direction and trajectory. It uses probability density function including scattering
coefficient to obtain the traveling distance and optical path of photons in the medium.
The weights of all photons entering the tissue is set to 1 and absorption by reduces the
weight according to the Beer-Lambert law [48]. Monte Carlo model is numerical model,
which is computationally extensive, and thus the full simulation is time consuming.
Because tissue absorption and scattering coefficients are expected to change dynamically
in tissue, the computationally extensive model limits the usability of Monte Carlo model
for continuous monitoring of changes in a ( ) and s '( ) .
3.2.3 Monte Carlo Inversion model
Researchers have developed numerical and analytical models to extract scattering
and absorption coefficients from a diffuse reflection spectrum. In this thesis, we use a
flexible and fast Monte Carlo-based model of diffuse reflectance developed by Palmer et
al. [33] to monitor the dynamic changes of scattering and absorption coefficients of turbid
media. This model is based on a scaling approach which runs single Monte Carlo
simulation for multiple photons. Many optical parameters can be obtained by this
simulation. For a given photon with different absorption and scattering coefficient, the
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corresponding optical parameters can be calculated by scaling relationship. It also created
a look-up table method to make it suitable for real time detection. The model is suitable
to fiber-optic-based measurements of diffuse reflectance spectra from infinite- or semiinfinite medium, and it uses a single reference measurement for calibration.
Palmer's model consists of two parts: a forward model to run Monte Carlo
simulations and an inverse model to extract optical parameters of biological tissues. The
absorption coefficient is mainly affected by the compositions in biological tissues and the
scattering coefficient is related to the size and density of scattering structures in the
tissue. In the forward model, the physiological and structural properties of the tissue are
the inputs that are used to generate a diffuse reflectance spectrum. The concentration of
each chromophore and the corresponding wavelength-dependent extinction coefficient
are used to determine a ( ) , and Mie theory for spherical particles [31] is used to
calculate the reduced scattering coefficient s '( ) and anisotropy factor (g). The optical
properties a ( ) , s '( ) and g(λ) will be the inputs to establish a Monte Carlo model in
the range of special wavelengths [32].
In the inverse model, the absorber concentrations, the scatterer size and density
and the fixed free parameters will be initialized to use the Monte Carlo model of diffuse
reflectance. The fixed parameters are the extinction coefficients of the absorber and the
refractive index of the scatterer and the surrounding medium for a given wavelength. The
reflectance spectrum modeled by the forward model is compared with the measured
reflectance spectrum using a Gauss-Newton nonlinear least-squares algorithm to
minimize the sum-squares error between the two spectra. To ensure that the convergence
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reaches to the global minimum, the whole procedure will be iterated for each sample with
a different, randomly chosen starting parameters. a ( ) , s '( ) and g(λ) are extracted
from the model after the convergence [33].

3.3 Applications of DRS
DRS has a wide range of non-medical application scenarios, including color
matching and identification in textiles, and characterizing and measuring mineral content
in soils [34]. In the past two decades, DRS technology has been extensively studied for
use in the medical field after continuous improvement, and it has made great progress in
many research directions. Studies have shown that DRS has the ability to help improving
surgery, chemotherapy, radiation, or a combination of above [52, 53]. It also has the
potential of detecting bone cracks in the lengthen or even the palatal suture after the rapid
palatal expansion [14]. Optical properties, such as absorption and scattering, can change
dramatically with changes in biological tissue structure, vasculature, and metabolic
function in the early and middle stage of cancer [35]. In recent years, DRS combined
with an appropriate mathematical model has become more effective in quantification of
physiological parameters of cancerous cells [36].
Chang et al. combined the DRS system with an inverse Monte Carlo model to
characterize and compare the optical biomarkers between cervical intraepithelial
neoplasia and normal cervical tissues [36]. It was found that total hemoglobin was a lot
higher in high grade cervical intraepithelial neoplasia than normal cervical tissues.
Langhout et al. combined fluorescence spectroscopy with the DRS system to characterize
the difference of optical parameters between healthy and malignant colorectal tissues
from surgery and calculated the difference in the concentrations of basic water, fat, and
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hemoglobin [37]. DRS has also been employed for detection of diabetic foot ulcers,
pressure ulcers, and reliable identification of tumor tissue in breast, lung, and liver [3841].

3.4 Fiber-optic-based DRS
Fiber-optic-based DRS is a noninvasive technique that provides quantitative
information such as absorption (µa(λ)) and reduced scattering (µs’(λ)) about tissue in
vivo. It is a lightweight, portable, and robust device which uses a white LEDs as the
source and a fiber optic spectrometer that converts light signal into a spectrum.
Yu et al. [42] fused visible of DRS to characterize normal tissues in the oral
cavity. A pressure sensor was installed in the probe to monitor the contact pressure
between the probe and cervix tissue during DRS measurement, so as to control and adjust
the pressure to minimize its impact on the blood flow in tissues.
Vivek et al. [43] assembled a temperature sensor into the DRS system to monitor
tissue temperature and optical properties during thermal coagulation of in-vitro tissues.
The study found that reduced scattering coefficient of liver tissue decreased during
heating due to tissue carbonization.
Hong et al. [54] developed a portable, lightweight, and low-cost DRS system
using a smartphone-based spectrometer. This application was originally intended to
measure the hemoglobin in epithelial tissue for economically underdeveloped areas
where there is no infrastructure for routine diagnosis of epithelial cancer or precancer.
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Chapter 4 MEASURING HEMOGLOBIN CONCENTRATION IN
SIMULATED MID-PALATAL SUTURE

4.1 Introduction
Optical monitoring can be a portable and cost-effective alternative for monitoring
mid-palatal suture maturation process. The purpose of this chapter is to demonstrate that
DRS system has the potential to detect changes in hemoglobin concentration in the
process of expansion in the healing period of mid-palatal suture. The RPE process of
human maxilla is simulated by a physical model composed of bone, mucous membrane
and blood enriched into the suture gap. This physical model is then used to study changes
in the absorption coefficient and hemoglobin concentration of the physical model.
Further, these changes are compared with the trend of blood content changes after RPE.

4.2 Materials and methods
4.2.1 DRS Instrument
The DRS system is shown in Fig. 4.1. It is consisted of a customized visible
spectrometer (Avantes BV, The Netherland) with a white light-emitting diode (LED) as
the light source, a laptop installed with custom software, and a customized fiber-optic
probe. The fiber-optic probe consists of four fibers (200/220/240 µm) for illumination
and one fiber (400/440/480 µm) for detection. The separation between each illumination
fiber and the detection fiber is 2 mm, and the five fibers form a 90 degrees circular arc
with the detection fiber as the circle center mounted into a 3D printing plate (4.1mm in
radius), shown in Fig. 4.2. The illumination fibers are connected to the white LED to
provide a stable light source and the detection fiber is connected to the spectrometer. A
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customized LabVIEW program and MATLAB scripts for DRS system are installed in the
laptop, which are used for instrument control, data acquisition and data analysis.

Figure 4.1: The fiber-optic DRS system with the fiber-optic probe

Figure 4.2: The geometry of the fiber-optic probe
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4.2.2 Tissue phantom experiment
To evaluate the accuracy of the fiber-optic probe for measuring optical properties,
16 liquid phantoms were prepared to simulate the absorption and scattering properties of
mid-palatal suture after RPE. These phantoms were composed of human hemoglobin
(H0267, Sigma-Aldrich Co. LLC) as an absorber and polystyrene beads (07310-15,
Polysciences Inc.) as a simulated tissue scatterer in aqueous solution. The mean
absorption coefficient (wavelength range of 450-630 nm) a ( ) for the phantoms ranged
from 0.5 cm −1 to 4.3 cm −1 which was independently determined with a
spectrophotometer (Lambda 35, PerkinElmer Inc.). The reduced scattering coefficient
was calculated by Mie theory, the density and refractive index of the polystyrene beads.
The reduced scattering coefficient s '( ) is lessened from 13 to 7 cm −1 due to the
hemoglobin titration.
4.2.3 In-vitro experiment
In this study, a biophysical model was constructed to simulate changes of the midpalatal suture after RPE. The small intestinal mucosa of pig was used as the mucosal
structure covering blood and bone in the physical model in the experiment. The small
intestinal mucosa was purchased fresh from a local grocery and stored at 4℃ to prevent
water evaporation and mechanical damage. Human hemoglobin (H0267, sigma Aldrich
Co. LLC) was used to prepare the solution to simulate the blood clot deposited in the gap
after RPE, and the absorption coefficient of the solution was close to the normal blood
[55] (The a ( ) of the normal blood is 0.210±0.002 mm-1 ) in the suture expansion. The
purchased bone powder was stored at room temperature (22℃) and used to simulate the
uneven growth pattern of bone after RPE.
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Figure 4.3: Experimental set-up to study the optical properties of a physical model
simulating the mid-palatal suture after its response to expansion.

The cube shaped container, as shown in the Fig. 4.3, was made by 3D printing.
There was a groove of (1X1X1cm) in the middle of the container, which was used to hold
the mixture of bone powder and hemoglobin solution. The average thickness of mucous
membrane was 1 mm. The mucous membrane was placed on the container and gently
touched with mixture. In this experiment, five containers were fabricated and filled with
different proportions of bone powder and hemoglobin solution to mimic the dynamic
relationship between the silted blood and the new bone formation during an actual RPE
process. Because bone powder particles are large and insoluble in water, the bone powder
and hemoglobin solution might not be completely uniform. Therefore, five different
locations on each sample were measured and averaged to minimize the effects of nonuniformity. To make a measurement, the fiber optic probe was placed perpendicular to
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the mucosal plane. For each sample, 10 DRS measurements made from each of the five
locations. For each measurement, the reflection spectrum, scattering coefficient,
absorption coefficient, and hemoglobin concentration were recorded for further analysis.
Because the mean photon penetration depth within tissue is related to illumination
detection separation and light wavelength, the mean penetration depth is far less than the
depth of the groove. Therefore, the container has no effect on the measurement of diffuse
reflection.
4.2.4 Data analysis
The absorption coefficient and reduced scattering coefficient of 16 phantoms were
extracted by the Monte Carlo inverse model of reflectance. The spectrum of each
phantom was used as a reference to invert other phantoms. The phantom that resulted in
the smallest average error was selected as the reference phantom for inverting the diffuse
reflectance spectra obtained in the tissue experiments. The extracted a ( ) and s '( )
were averaged in the range of 450-630 nm. The absorption spectrum was used to
calculate the hemoglobin concentration using the Beer’s Law.
Student’s t-test (significance level α=0.05) is a statistical technique to determine
whether the means of two sets of data are significantly different from each other. The ttest was used to test whether the difference between the extracted hemoglobin
concentration at different proportions of hemoglobin solution and bone powder were
significantly different from each other.
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4.3 Results
4.3.1 Phantom experiment
The raw spectrums of the phantoms are shown in Fig. 4.4. Comparing the spectra
of different phantoms, it is found that human hemoglobin has two main absorption peaks
at 540 nm and 570 nm wavelength. The absorption coefficient and the reduced scattering
coefficient extracted from all phantoms are compared with the expected values, and the
results are shown in Fig. 4.5 and Fig. 4.6, respectively. For a ( ) and s '( ) extracted
by all phantoms, the overall average error is 6.10% and 14.47%, respectively. The
extracted a ( ) has a smaller error and agrees better with expected value of the
phantoms than s '( ) . When the value of expected s '( ) exceeds 16, the deviation
between extracted value and expected value increased. Therefore, it is necessary to avoid
large s '( ) in the process of tissue experiment.
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Figure 4.4: Raw spectra of the phantoms

The ninth phantom of the experiment (with overall errors for a ( ) and s '( )
of 4.21% and 9.08%, respectively) was selected as a reference phantom for the DRS
system to calibrate the Monte-Carlo model for tissue measurements.
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Figure 4.5: The extracted and expected a ( ) of the phantom experiment

Figure 4.6: The extracted and expected s '( ) of the phantom experiment

4.3.2 In-vitro experiment
Five different containers were filled with different proportions of bone powder
and hemoglobin solution and the expected concentrations are shown in Fig. 4.7. The
concentration of stock hemoglobin solution was 41.15 µM/ml, different amounts of the
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stock Hb solution were added to each container. In the first three containers, the content
of hemoglobin solution gradually increased to simulate the process of RPE, representing
the gradual expansion of the mid-palatal suture, which resulted in the formation of a
cavity in the area detected by fiber optic probe as well as blood enrichment along with
time. In the same process, because the bone is stretched to both sides, the bone content in
the detection area gradually decreases, so in the first three containers, the corresponding
content of bone powders were gradually decreased. The third container represents when
the expansion reached the maximum state. The last two containers represent after the
expander is reached to the maximum and fixed, and the bone slowly grow back over
time. In the detection area of probe, the original enriched blood clot is replaced by newly
grown bone. Therefore, the content of hemoglobin solution is expected to decrease, the
content of bone powder increases correspondingly, and finally returns to the baseline.

Figure 4.7: The trend of bone powder and Hb solution content

25

The measured hemoglobin concentration and average extracted s '( ) for the
five containers were shown in Fig.4.8 and Fig.4.9, respectively. For visual comparison,
the extracted hemoglobin concentration generally agreed with the expected values well,
and both increased first and then decreased. The measured hemoglobin concentration for
the baseline (1st container) was 9.91 µM/ml (central area detection). In the baseline, the
measured hemoglobin concentrations of the five different detection points were
9.36±4.02 µM/ml, which shown a great difference compared to the results of the second
container which were 24.95±5.65 µM/ml (p = 0.014). There are significant differences
between the measurements of any adjacent containers, and they followed the trend of the
expected hemoglobin contents. In order to simulate the RPE process, the first three
containers (ascending process) and the last two containers (Descent process) changed in
the order of adding hemoglobin or bone meal. In the ascending process, bone powder was
added into the container first, and then hemoglobin solution was added afterward to
simulate the process of blood flowing into the cavity after bone separation. In the descent
process, the order of adding is opposite, simulating the process of bone growth and blood
content decreasing. The proportions of hemoglobin and bone powders in containers 1 and
5 were the same, but the addition order was different, and the measured concentrations
were 9.36±4.02 µM/ml and 10.74±4.54 µM/ml, respectively, which within the same
range.
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Figure 4.8: Measured Hemoglobin concentration for the five containers

Figure 4.9: The extracted average s '( ) for the five containers
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It should be noted that the bone powder used in this experiment is steamed bone
powder made from animal bone. Compared with the characteristics of human bone, the
contents of phosphorus and calcium in animal bones are higher, and the fat and protein
contents are lower. Therefore, it is necessary to compare the optical properties between
animal bone and bone powders. The absorption coefficient of animal bone and bone
powders detected by the fiber-optic probe were both close to 0.1 cm −1 . However, the
extracted scattering coefficient of different detection positions of animal bone were quite
different, varied between 12 and 14 cm −1 . In contrast, the extracted scattering
coefficients of bone powders were around 8.1 cm −1 with little change. The extracted

s '( ) for the first four containers followed the trend of the expected bone powder
contents. Bone powders can affect the scattering coefficient, and they are insoluble in
water, which makes the paste-like mixture effects scattering. Therefore, there might be an
experimental error in the extracted scattering coefficients due to the proportion of mixture
change during measurement.

4.4 Discussion
Noninvasive and quantitative assessment of the maturation of mid-palatal suture
after RPE is of great clinical value to orthodontics and related surgical treatment.
Computer tomography is an established technology that has been used to assess midpalatal suture, but it can lead to unnecessary exposure to excessive radiation, causing
damage to patients beyond surgical treatment. While DRS system cannot directly image
the healing of mid-palatal suture, it can quantitatively analyze the hemoglobin contents
and scattering coefficient of the mid-palatal suture without introducing radiation injury.
In this study, a fiber-optic DRS system was modified to collect diffuse reflectance spectra
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in the visible wavelength from simulated mid-palatal sutures that were obtained by
mixing hemoglobin solution and bone powders at different proportion. The experiments
showed reasonable a ( ) , s '( ) and hemoglobin values of the physical model
quantitatively, which demonstrates that the DRS system has the potential to detect the
maturation of mid-palatal suture.
In the in-vitro experiment, there are some differences between the extracted

s '( ) of bone powder and intact bone, but during the process of bone growth of midpalatal suture, the bone mostly grows in spiny, conical, and other small shapes, and the
growth distribution is random. Therefore, compared to intact bone, the extracted s '( )
of the growing bone is expected to decrease, which may be represented by the optical
properties of bone powders. the extracted a ( ) of bone powder is 0.1 cm −1 , which
indicates that visible light absorption in bone powder had little influence compared with
hemoglobin solution and the content of hemoglobin solution became the main factor in
the extracted a ( ) . The measured hemoglobin concentration increased from 9.91
µM/ml to 44.39 µM/ml when the hemoglobin solution increased from 0.1800g to
0.7775g and the total amount of weight (bone powders and hemoglobin solution) was still
the same. Similarly, when the hemoglobin solution dropped back to baseline, the
measured hemoglobin concentration also dropped to the same value as that of baseline.
The change of measured hemoglobin concentration also indicated that the detection
ability of the DRS system can pass through the small-intestinal mucosa with a thickness
of 1 mm, and the detection depth of the DRS system can be further increased by changing
the probe geometry and the enhancement of source power.
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According to the physical model in the experiment, DRS system can detect the
content of hemoglobin, through mucosal tissue, in the uneven distribution of blood and
bone paste. In human mid-palatal suture, the blood content may be used to quantify the
size of suture gap and suture maturation. There are still many problems to be answered
before DRS can be used for practical dental diagnosis and treatment. For example,
multiple DRS measurements have to be made and the detection position should be
consistent across samples, but it is difficult to do so in patients. During measurements, we
also need to consider the influence of probe pressure because too much pressure may
squeeze the blood in the capillary vessels out of the detection area, resulting in inaccurate
measurement. Finally, the probe disinfection before human test also needs to be
considered in follow-up work.
In general, this chapter investigated the potential of DRS in assessing human midpalatal suture maturation after RPE. With the in-vitro experiment, we showed that the
DRS system had the ability to detect submucosal hemoglobin concentration in the
environment of cross distribution of blood and bone using a physical model.
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Chapter 5 LIMITATIONS AND FUTURE WORK

The long-term goal of this study is to design a non-invasive device to assess the
mid-palatal suture maturation after active RPE, which provides a reference to determine
when to remove the RPE appliance for the follow-up orthodontic treatment. A robust
DRS system for determining hemoglobin content and optical properties for mid palatal
suture maturation is yet to be implemented in a clinical setting. The relationship between
the size of suture gap and blood content has been studied using a simulated physical
model. Some of the major limitation of this study and future directions are discussed
below.
a)

In in-vivo experiments, changes in the pressure between the probe tip and

biological tissue may change the measured tissue values. Blood in human capillaries can
spread around the pressure area after extrusion. The mid-palatal suture after RPE lacks
the support of bone, and thus is soft and unstable. Changing pressure may have a greater
impact on the measurements.
Yu et al. integrated a DFPI pressure sensor in the fiber optic probe to receive the
interferogram of the sensor through the infrared band, and finally generate real-time
pressure information [44]. The advantage of a pressure sensor is that it can measure the
pressure information in real time without disturbing the light transmission of DRS
system. In future work, the integrated pressure sensor may be used to monitor the
pressure and to ensure the stability of the pressure for in vivo experiments.
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b)

Another major limitation of using DRS would be in the actual human detection

process. Human oral cavity is limited, and patients need to wear expanders all the time
after active RPE. The effective detection area of DRS system thus becomes very small.
Currently, the designed fiber optical probe uses forward-firing fiber, which is not
conducive to measurement in the narrow space of the mouth, and it may cause excessive
bending or even breaking of the optical fibers. In contrast, side-firing fibers can bring
more flexibility to the probe design and can take advantage of the gap between expander
and oral mucosa for measurement.
c)

The last issue is that after RPE, a wide suture gap may exceed the measurement

range of the sampling area of the fiber optical probe. After active RPE treatment, the
width of suture gap can reach 5mm or larger. However, due to the limitation of light
penetration, the separation between illumination fiber and detection fiber should not be
too large to ensure that the detection fiber can receive enough signals. Moreover, large
suture gap will cause the blood content to surge, which will greatly reduce the optical
signal, leading to inaccurate measurement.
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